Four alkyl propargyl bis(hydroxyethyl) ammonium surfactants with different lengths in hydrophobic tail (C8-C16) are prepared by direct alkylation of diethanolamine with alkyl bromides. The surfactants exhibit excellent surface properties. The critical micelle concentration (CMC) values of the surfactants 2c and 2d are found to be 7.63 × 10 −4 and 1.23 × 10 −4 mol/L, and the corresponding surface tension ( CMC ) values are 31.83 and 31.69 mN/m, respectively. Furthermore, all of the synthesized propargyl quaternary ammonium salts are found to be very effective in inhibiting the corrosion of N80 steel (IE% = 92-98%). They can be used at a relatively high temperature (≥90 ∘ C) and a low concentration (0.039 wt.%). In addition, the apparent viscosity of surfactant 2d is studied at various temperatures, and it can be used as a viscoelastic surfactant up to 100 ∘ C. The synthesized surfactants possess multiple functions and have a very good compatibility with VES systems. They can be potentially used in various oil field applications such as enhanced oil recovery, fracturing, acid diversion, and well stimulation.
Introduction
Acidizing is a widely established technique to increase hydrocarbon production from low-permeability reservoirs [1] . Viscoelastic surfactant (VES) based diverting systems have many advantages that make them preferred for well acid stimulation mainly due to their exceptional rheological characteristics [2] . These systems leave no residues once broken and thus eliminate potential damage to the formation [3, 4] . They also have abilities to minimize the fracture height growth and increase the effective fracture length [5] . However, VES systems frequently encounter considerable difficulties in corrosion inhibitors (CIs) selection. In many cases, corrosion inhibitors would break these VES gels, and this is because inhibitors usually have oil-soluble constituents (e.g., acetylenic alcohol) or contain mutual solvents (e.g., ethylene gylcol monobutyl ether) [6] . Such a conflict encourages us to look for new corrosion chemicals which will have a very good compatibility with VES systems.
A variety of organic compounds can act as CIs during the acidization, including acetylenic alcohols, aromatic aldehydes, amines, nitrogen-containing heterocycles, and quinoline derivatives [7] . Among them, acetylenic alcohols are widely used because of their commercial availability and cost effectiveness. Propargyl alcohol is usually taken as a standard CI for acidization and sometimes it has a significant synergistic effect with other compounds [8] . It is claimed to form a film on the metal surface and can retard the metal dissolution process as well as hydrogen evolution [9] . However, it has been reported that only propargyl alcohol has a good solubility in acids, while the dissolvability of other acetylenic alcohols decreases rapidly with increasing carbon chain lengths. To increase the solubility of such acetylenic alcohols, quaternary ammonium surfactants need to be applied [9] . In addition, many countries have banned them from use because of their toxicity [7] . Therefore, it is important to find water-soluble and nontoxic alternatives to acetylenic alcohols.
In this study, we developed a series of alkyl propargyl bis(hydroxyethyl) quaternary ammonium bromides with different hydrophobic lengths. By introducing propargyl group into quaternary ammonium surfactants, these compounds obtain a good corrosion inhibition ability and a good solubility in water/acid solution. Moreover, the compounds themselves are surface-active substances. When the carbon chain length of hydrophobic group is greater than 12, the solutions exhibit high viscosities and/or gel-like behavior at room temperature in the presence of sodium salicylate (NaSal); they still retain appreciable viscosities at a temperature above 90 ∘ C.
Experimental Procedure

Materials (Chemical Reagents, Solution Preparation, and Specimens).
Distilled water was used as the solvent for all testing experiments. N-Alkyl bromide (Alfa Aesar, ≥99%, GC), diethanol amine (Alfa Aesar, ≥99%, GC), and propargyl bromide (Alfa Aesar, ≥99%, GC) were used without further purification. All other chemicals with analytical grade were purchased from Sinopharm Group Beijing Co., Ltd., China.
The viscoelastic surfactant solution for rheological test consists of 4.0 g surfactant 2d, 0.36 g NaSal, and 96.0 g water. The weight loss experimental tests were performed in 20 wt.% hydrochloric acid solutions, which were prepared by diluting 36-38 wt.% HCl with distilled water. The specimens were prepared from N80 steel. The dimensions of the N80 specimens for the weight loss experiments were 50 × 10 × 3 mm. Before the experiments, the surface of the specimens was abraded with 2000 grit emery paper, followed by washing with distilled water, and degreased with ethanol and acetone. The specimens were finally dried at room temperature and stored in a desiccator.
Surface Tension. Surface tensions were measured at 20
∘ C using a duNouy tensiometer. All surface tension measurements of the synthesized surfactants were conducted using distilled water as the solvent at mass concentration from 0.0001 wt.% to 1 wt.%. All the reported data points were average equilibrium values.
Rheology Measurement.
The apparent viscosity of surfactant was measured using a HAAKE MARS III Rheometer (Haake Technik Co., Germany) with the cylinder rotor DG41. In this study, the viscosity was reported under a temperature sweep range of 20 to 100 ∘ C at a steady shear rate of 170 s −1 .
Weight Loss
Measurement. N80 steel specimen was immersed in 20 wt.% HCl solutions in the absence or presence of different concentrations of propargyl quaternary ammonium bromide for 4 h at 60 or 90 ∘ C, in which the ratio of volume (mL) of HCl solutions to surface area (cm 2 ) of the specimens was 20 : 1. The specimens were taken out, washed with ethanol and acetone in turn, dried, and weighed accurately. Two specimens were used in each test, and the mean value of corrosion rate was calculated. The corrosion rate of each specimen was calculated as the equation below:
where corr (g m −2 h −1 ) is the corrosion rate and 1 (g) and
Synthesis of Propargyl Quaternary Ammonium Surfactants.
Four alkyl propargyl bis(hydroxyethyl) ammonium surfactants (Scheme 1) were designed to check the influence of structural parameters. They varied in lengths in hydrophobic tail from C4 to C16, respectively. 1a-1d were synthesized using a modified procedure reported by Dan and Ghosh [10] , and 2a-2d were prepared using a similar procedure reported by Ge et al. [11] . Moreover, a similar structure C12 surfactant 2e was selected as reference for corrosion testing.
Synthesis of N-Butyl-N-propargyl-N,N-bis(hydroxyethyl) Ammonium Bromide (2a)
. n-Butyl bromide (2.1 g, 0.015 mol), diethanolamine (2.4 g, 0.023 mol), anhydrous potassium carbonate (4.28 g, 0.031 mol), and potassium iodide (0.5 g) were taken in 40 mL acetonitrile and the contents were refluxed at 60 ∘ C under N 2 atmosphere for 12 h. The heating was stopped and the acetonitrile was evaporated and then CH 2 Cl 2 (30 mL) was added to the reaction mixture. The solution was washed with H 2 O (3 × 30 mL) to remove the excess diethanolamine and then the organic part was dried over anhydrous Na 2 SO 4 . CH 2 Cl 2 was removed under reduced pressure to get the crude product 1a as colorless oil in 66.8% 1 H NMR spectrum of 2a.
yield. As the product was found to be pure from TLC and 1 H NMR, no further purification was carried out at this stage. Then, compound 1a (3.23 g, 0.02 mol) was added to 100 mL solution of propargyl bromide (3.1 g, 0.026 mol) in ethanol. The mixture was refluxed for 12 h. The solvent and the excess propargyl bromide were removed at room temperature under reduced pressure, and a red viscous liquid was obtained. The crude product was then purified by column chromatography (silica gel; methanol/CH 2 Cl 2 = 1 : 10) to afford pure product (81.4%) as a yellow oil. 
Results and Discussion
The quaternary ammonium surfactants (2a-2d) were synthesized as outlined in Scheme 1. N-Alkylation of diethanolamine with commercially available alkyl bromide produced the corresponding intermediates (1a-1d); with addition of propargyl bromide, it produced the required quaternary surfactants (2a-2d) with high yield. The chemical structures of all the synthesized surfactants were characterized with the aid of 1 H NMR as shown in Figures 1-4 . In the 1 H NMR of compounds 2b, the alkynyl proton appeared at 3.09 [-C≡C-H] and the methylene protons [-(CH 2 )n-] appeared at 1.37-1.28 ( Figure 2 ). The peaks of methylene protons [HO-CH 2 -CH 2 -N-] of hydroxyethyl group are 2.65 and 3.61 in 1b [10] , and then clear downfield shift ( 4.13 and 3.79) of these protons [HO-CH 2 -CH 2 -N-] in 2b confirmed the formation of the quaternized product [12] . Spectra of 2a, 2c, and 2d look very similar to 2b in peak positions and patterns except different methylene protons peaks [-(CH 2 )n-] at 1.37-1.28, which indicates they are the homologs.
Surface Tension Measurements. All surfactants 2a-2b
have good solubility in water, which will have a very good compatibility with VES systems. Because of very short alkyl chain, compound 2a is too hydrophilic and have not obvious surface activity. Therefore, surface tension was measured only for surfactants 2b-2d at 25 ∘ C. The relationship of surfactants concentration and surface tension is illustrated in Figure 5 . Surface tensions of all surfactants decreased by increasing the surfactant concentration until a distinct break at the critical micelle concentration (CMC) is reached. Any further increase in the concentration above CMC has no obvious effect on surface tension.
Surfactants 2b, 2c, and 2d attain CMC values of 32.63, 31.83, and 31.69 mN/m at 9.74 × 10 −2 , 7.63 × 10 −4 , and 1.23 × 10 −4 mol/L, respectively (Table 1) . These results suggested that CMC decreases by increasing the carbon chain lengths while the surface tension at CMC slightly increases [13] . It is worth noting that CMC and corresponding surface tension values are below the same carbon chain lengths known surfactants [14] and may be originated from hydrophobic effects of propargyl group. And yet, the surfactant efficiency to reduce water surface tension ( CMC ), maximum surface access (Γ max ) at the air-water interface, and minimal surface area per molecule ( min ) at the air-water interface show similar trends. The good surface activity of these surfactants leads to potential applications in oil recovery.
Weight Loss Measurement of 2a-2d.
The corrosion rate ( corr ), the inhibition efficiency (IE), and the surface coverage ( ) are obtained from weight loss measurements of N80 steel in 20 wt.% HCl with various concentrations of 2a-2d. The results are presented in Table 2 . The percentage inhibition efficiency (IE) and surface coverage ( ) were calculated using the following equation:
where 0 (g m −2 h −1 ) and corr (g m −2 h −1 ) were the corrosion rates without and with addition of the corrosion inhibitor, respectively.
As shown in Table 2 , it is demonstrated that the synthesized propargyl quaternary ammonium salts were effective in inhibiting the corrosion of N80 steel. Compared with 2e without a propargyl group, corrosion rate in 2a-2d solutions commonly decreased one to two orders of magnitude (entry (12) versus entries (3), (4), (6) , and (11)). It is claimed that alkynyl groups can polymerize on the metal surface, form a protective film on the metal surface, and thus retard corrosion rate [9] . At a relatively high temperature of 90 ∘ C, the inhibition efficiency increased with the inhibitor concentration (entries (6)- (10)). The highest inhibition efficiency of about 97.9% was achieved at a concentration of 0.39 wt.% using 2c (entry (7)). Considering the acid concentration and temperature, this inhibition efficiency value is rather favorable. For example, N-benzylquinolinium chloride (BQC), a most commonly used corrosion inhibitor, still has a corrosion rate of 232.68 g m −2 h −1 at the concentration of 1.9 wt.% [15] , which is ten times more than 2c (entry (6)). But when the concentration of quaternary ammonium salts is below 0.01 wt.%, negligible inhibition efficiencies are found (entry (10)). It indicated that there is a concentration threshold for good corrosion protection. Besides, the effect of the hydrophobic chain in quaternary ammonium salts on corrosion behavior can be concluded. The corrosion rate follows the sequence 2b < 2c < 2d < 2a (entries (3), (4), (6), and (11)), indicating that the inhibitory effect decreased gradually with the increase of the length of the hydrophobic chain except 2a. The high hydrophilicity of 2a may account for this exception. As the temperature increases from 60 ∘ C to 90 ∘ C, the inhibition efficiency of 2b almost keeps constant (entries (4) and (5)), which may imply strong absorption of inhibitor molecules. Figure 6 shows the apparent viscosity of 2d at a shear rate of 170 s −1 as a function of temperature. The data show that 2d can be used as a viscoelastic surfactant. The viscosity increased and reached a maximum in 5 min and then gradually decreased. As we know, association of viscoelastic surfactant molecules can form wormlike micelles [16] . The entangled wormlike micelles will increase the viscosity of fluids like polymer. The initial increase of the viscosity is supposed to be due to the shearing induced growth of the wormlike micelles until reaching a maximum ( Figure 6, [17] ). Then the viscosity decreases with temperature, and it suggests that micellar networks are gradually broken upon heating [18] . However, until the temperature rises to 100 ∘ C, the viscosity is still more than 25 mPa s −1 , which is considered as the standard viscosity of suspending sand [19] . The results indicate these cationic surfactants can be potentially used at relative higher temperature. The trend in viscosity was noted for different types of viscoelastic surfactants [20, 21] .
Rheological Measurements.
The viscoelastic surfactants own good viscosity and elasticity and thus can be used in fracturing for suspending sands. The fluid composes small molecules and has no residue left in reservoirs after fracturing. Hence, the conductivity is very high with no formation damage [16] . Moreover, viscoelastic surfactant was also found useful to self-diverting-acid fracturing application. The viscoelasticity of solution does not develop until the acid reacts with carbonate in the formation (in this article, we use sodium salicylate to produce gel). The increases in Ca 2+ ions and pH due to the HCl-carbonate reaction caused in situ gelling of the acid [22] . The high viscosity temporarily blocks the wormholes formed in the rock matrix, allowing the acid to cover the unacidized area.
Conclusion
Four alkyl propargyl bis(hydroxyethyl) ammonium surfactants with different lengths in hydrophobic tail were high yield synthesized by following an efficient method from commercially available chemicals. Structures of the synthesized surfactants were characterized by 1 H NMR. Surface tension, corrosion inhibition efficiency, and apparent viscosity were evaluated. The results indicate these surfactants exhibit excellent surface properties. The critical micelle concentration (CMC) values of the surfactants 2c and 2d were found to be 7.63 × 10 −4 and 1.23 × 10 −4 mol/L, and the corresponding surface tension ( CMC ) values were 31.83 and 31.69 mN/m, respectively. Furthermore, all propargyl quaternary ammonium salts were effective in inhibiting the corrosion of N80 steel. They can be used at a relatively high temperature (90 ∘ C) and at a concentration as low as 0.039 wt.%. In addition, the apparent viscosity of surfactant 2d was studied at various temperatures, and it can be used as a viscoelastic surfactant up to 100 ∘ C. The unique surface-active, corrosion protection abilities, thermal stability, and viscoelastic properties of these surfactants make them strong candidates for various oilfield applications.
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